Abstract: The thermo-viscoplastic behaviors of AISI 4140 steel are investigated over wide ranges of strain rate and deformation temperature by isothermal compression tests. Based on the experimental results, a unified viscoplastic constitutive model is proposed to describe the hot compressive deformation behaviors of the studied steel. In order to reasonably evaluate the work hardening behaviors, a strain hardening material constant (h 0 ) is expressed as a function of deformation temperature and strain rate in the proposed constitutive model. Also, the sensitivity of initial value of internal variable s to the deformation temperature is discussed. Furthermore, it is found that the initial value of internal variable s can be expressed as a linear function of deformation temperature. Comparisons between the measured and predicted results confirm that the proposed constitutive model can give an accurate and precise estimate of the inelastic stress-strain relationships for the studied high-strength steel.
Introduction
Generally, the structures or components made of metals or alloys must subject to the complex hot forming processes, such as the hot rolling and forging processes. It is well known that the thermo-mechanical behaviors of most alloys or metals are greatly affected by strain rate and temperature [1] [2] [3] . During the hot forming process of metals and alloys, materials are subjected to complex strain, strain rate and temperature histories in industrial forming processes. So, material flow behavior during hot formation is often complex. Understanding the hot deformation behavior of alloys or metals over wide ranges of strain rate and deformation temperature is very important in the design of structures or components [4] [5] [6] [7] .
Based on the experimental results, some constitutive models are proposed to accurately describe the plastic deformation characteristics of metals and alloys, which are critical for the correct numerical simulation and the reasonable optimization of hot forming process [8] [9] [10] . Based on recent researches, Lin and Chen [1] presented a critical review on constitutive descriptions for metals and alloys under hot working, and they divided the constitutive models into three categories, including the phenomenological models [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , physically based models [30] [31] [32] [33] [34] and artificial neural network models. By compensation of strain and strain rate, Lin et al. [11] firstly proposed a revised Arrhenius-type model to describe the high-temperature flow behaviors of 42CrMo steel, and the effects of strain on material constants are discussed. Later, some similar phenomenological models were proposed to predict the plastic deformation behaviors of aluminum alloys [12, 13] , magnesium alloys [14, 15] , various steels [16] [17] [18] and Ti-based alloys [19] . Lin et al. [20] established the new phenomenological constitutive models to describe the work hardening (WH) dynamic recovery (DRV) and dynamic softening behaviors of a Ni-based superalloy. In their established models, the material constants are expressed as functions of the Zener-Hollomon parameter. Based on Voce's law, Nguyen [21] proposed a new stress-strain equation to describe the hardening and softening behaviors of AZ31B magnesium alloy sheet at elevated temperatures and strain rates. Maheshwari [22] modified the Arrhenius power law to describe the hot deformation behaviors of 2024 aluminum alloy over wide ranges of strain rate, strain and temperature. Considering the coupled effects of strain, strain rate and forming temperature on the hot deformation behaviors of Al-Zn-Mg-Cu and Al-Cu-Mg alloys, Lin et al. [23] [24] [25] [26] proposed new phenomenological constitutive models to describe the thermo-viscoplastic response of Al-Zn-Mg-Cu and Al-Cu-Mg alloys under hot working. In their proposed models, the material constants are presented as functions of strain rate, forming temperature and strain. Also, some modified Johnson-Cook model was established to predict the hot deformation behaviors of 42CrMo steel [27] [28] , boron steel sheet [29] , Ti-6Al-4V alloy [30] , etc. Based on the classical stress-dislocation relation and the kinetics of dynamic recrystallization (DRX), the physically based constitutive equations were established to describe the WH DRV and DRX behaviors of 42CrMo steel [31] , typical superalloys [32] and as-cast 21Cr economical duplex stainless steel [33] . Besides, some internal-variable thermo-mechanical constitutive models have been proposed or modified in recent years [34, 35] .
AISI 4140 steel (also named 42CrMo steel) is one of the representative medium carbon and low alloy steel. Due to its good balance of strength, toughness and wear resistance, AISI 4140 steel is widely used for many general purpose parts including automotive crankshaft, rams, spindles, crow bars, ring gears, etc. [36] . Up to now, some investigations have carried out hot deformation behaviors of AISI 4140 steel. By isothermal compression tests, the static [37, 38] , dynamic [39, 40] and metadynamic [41] recrystallization behaviors of AISI 4140 steel over wide ranges of strain rate and deformation temperature were studied, and the accurate mathematic models were developed to describe the microstructural evolutions under hot working. Lin and Liu [42] discussed the effects of strain on the hot workability of AISI 4140 steel, and found the optimum hot deformation temperature and strain rate ranges are 1,050-1,150°C and 0.01-3s −1 , respectively. Lin et al. [43] studied the ductile damage behaviors of AISI 4140 steel. Also, the hot tensile deformation behaviors of AISI 4140 steel were studied [44] .
Despite some efforts invested into the behaviors of AISI 4140 steel, its hot compressive deformation behavior still needs to be further investigated to study the workability and establish the optimum hot formation process parameters. Especially, the physical models are still not advanced enough to account for the whole complexity of the dynamic response of this material. The objective of this study is to investigate the thermo-viscoplastic behaviors of AISI 4140 steel by hot compression tests. A unified viscoplastic constitutive model is proposed and verified to describe the hot compressive deformation behavior of the studied steel.
Material and experiments
The material used in this investigation was a typical commercial high-strength steel (AISI 4140 steel), and its chemical compositions (mass %) were 0.450C-0.280Si-0.960Cr-0.630Mn-0.190Mo-0.016P-0.012S-0.014Cu-(bal.) Fe. Cylin -drical specimens were machined with a diameter of 10 mm and a height of 12 mm. In order to minimize the frictions between the specimen and dies during hot deformation, the flat ends of the specimen were recessed to a depth of 0.1 mm to entrap the lubricant of graphite mixed with machine oil. The hot compressive tests were performed on Gleeble-1500 thermo-simulation machine in the temperature range of 1,123-1,423 K and strain rate range of 0.01-50 s
To measure the temperature during the heating of the specimen, a thermocouple was attached to the surface of the specimen. Each sample was heated to the designed deformation temperature at a rate of 10°C/s by thermocoupled feedback-controlled AC current, and held for 5 min at isothermal conditions before compression tests, in order to obtain the heat balance. The load displacement data were automatically recorded by the control system of Gleeble-1500 thermo-simulation machine.
Results and discussion
Hot compressive behaviors of AISI 4140 steel Figure 1 shows the true stress-true strain curves of the studied high-strength steel under the tested conditions. 
Obviously, the flow stresses are sensitive to the deformation temperature and strain rate. From Figure 1 , it can be found that, for a given strain rate, the flow stress decreases markedly with the increase of deformation temperature. In contrast, for a given temperature, the flow stress significantly increases with the increase of strain rate. In other words, increasing strain rate or decreasing temperature prevents the occurrence of softening induced by DRX and DRV mechanisms. So, WH becomes very obvious. This is because the higher strain rate provides shorter time for the energy accumulation at boundaries, as well as lower temperature provides lower mobilities at boundaries [5, 39, 40] . Additionally, at the beginning of the deformation, the flow stress increases rapidly. It is attributed to the high WH rate caused by the rapid generation and multiplication of dislocation. Meanwhile, the DRV resulting from the dislocation climbing and sliding is too weak to overcome the WH effect.
Constitutive models to predict flow stress of AISI 4140 steel
Establishment of the unified viscoplastic constitutive model
Generally, the stress-strain data obtained from hot compressive tests can be used to determine the material constants of constitutive equations. Using the constitutive model to describe the inelastic deformation of materials, the physical mechanisms such as temperature sensitivity, strain hardening, strain rate sensitivity, strain rate, temperature history effects, etc., should be taken into account. Generally, the relationship between the equivalent stress and the internal variable can be expressed as [33, 34] 
where σ is the equivalent stress for the steady plastic flow, s is an internal variable, expressing the averaged isotropic deformation resistance to macroscopic plastic flow, c is a material parameter, which can be expressed as
where is a material constant, A is the pre-exponential factor, m is strain rate sensitivity coefficient, Q is hot activation energy, R is the universal gas constant and T is the absolute temperature.
Based on eqs (1) and (2), the following flow equation can be obtained:
The
where hðσ; s; TÞ represents the dynamic strain hardening and recovery processes, while _ rðs; TÞ shows the static recovery. The previous work [30] shows that the contribution of the static recovery for the studied high-strength alloy steel could be neglected. So, the evolution equation can be simplified as
where hðσ; s; TÞ is the hardening function, which can be expressed as
where h 0 and a are material parameters representing strain hardening, s Ã is the saturation value of the internal variable s. From eqs (5) and (6), it can be obtained that
where
When σ Ã ¼ cs Ã , the relationship between the saturation stress σ Ã , temperature and strain rate can be derived from eqs (1), (2) and (8) as
From eqs (1) and (7), derivative of the flow stress to the plastic strain can be obtained as
Integrating eq. (10) gives 
Summarily, there are nine material parameters (A, Q, m, n, ,ŝ, a, h 0 and s 0 ) of the constitutive model to be determined from the experimental results.
Determination of material parameters
Determination of saturation stress σ Ã From eq. (9), it can be found that the material parameters A, Q, m, n andŝ should be firstly determined to obtain the expression for evaluating the saturation stress σ Ã . Based on the experimental results, the values of the saturation stress σ Ã can be found for all the test conditions.
By nonlinear least squares fitting method, the relationship between the saturation stress, deformation temperature and strain rate can be easily obtained, as shown in Figure 2 . Then, the material parameters A, Q, m, n andŝ can be evaluated as 22. 
The predictability of the above saturation stress function is quantified employing standard statistical parameters, including the correlation coefficient (R) and average absolute relative error (AARE) [20] .
where E i is the experimentally measured saturation stress and P i is the predicted value from the constitutive equation. E and P are the mean values of E i and P i , respectively. N is the number of data employed in the investigation. The correlation coefficient is a commonly used statistical parameter and provides information about the strength of linear relationship between the measured and calculated values. The AARE is computed through a term-by-term comparison of the relative error and therefore is an unbiased statistical parameter for measuring the predictability of a model/equation. Figure 3 shows the correlations between the measured and predicted saturation stresses under all the test conditions. The correlation coefficient (R) and AARE can be evaluated as 0.9958 and 4.8313%, respectively, which indicates a good correlation between experimental and predicted data is obtained. So, the derived function (eq. (13)) has enough precision to predict the saturation stress over wide ranges of strain rate and deformation temperature.
Determination of material parameters a, ch 0 , cs 0 Based on the experimental results, the material constants ch 0 , cs 0 and a for each test can be determined by the least squares fitting method according to eq. (12). The average value of a is determined from all the tested conditions, i.e., a ¼ 
Based on the above computations, it can be found that the maximum value of ðcÞ is 12.833. Generally, the value of c should be less than 1 [34] . So, the value of can be selected as 13. Because a ¼ŝ= ¼ 1:726, the material constantŝ can be calculated as 22.443. Therefore, the material parameters of the established constitutive model for the studied high-strength steel are determined, as listed in Table 1 .
Improvement of the developed viscoplastic constitutive model
The comparisons between the measured and predicted flow stress by the established constitutive model for high-strength steel are shown in Figure 4 . Obviously, Table 1 : Material parameters of the established constitutive model for the studied high-strength steel. This is because the established constitutive model cannot give enough considerations about the coupled effects of deformation temperature and strain rate on the flow behaviors of material. In other words, some critical material constants are closely dependent on the deformation processing parameters, and should be expressed as functions of the deformation temperature and strain rate. From Figure 5 and Table 2 , it can be found that the effects of deformation temperature and strain rate on material parameter h 0 are significant. The value of material parameter h 0 increases with the increase of strain rate and deformation temperature. Furthermore, material parameter h 0 can be expressed as
where a 0 ; a 1 ; a 2 ; a 3 and a 4 are material constants, which canbe determined by the nonlinear fitting method as À44557:796; 79:813; À0:0291; 584:932 and À 8:538, respectively.
Additionally, Table 2 shows that the value of material parameter s 0 decreases with the increase of deformation temperature. So, s 0 can be expressed as
Verification of the developed constitutive equation
So, the improved constitutive model for the studied highstrength alloy steel can be summarized as 
ð19Þ Figure 6 shows comparisons of the measured and predicted flow stress by the improved constitutive model for all the experimental conditions. It can be easily found that an agreement between the measured and calculated values is satisfactory. Figure 7 shows the correlations between the experimental and predicted flow stresses under all the test conditions, and the correlation coefficient (R) and AARE are evaluated as 0.9975 and 2.8640%, respectively. Therefore, the improved constitutive model can give an accurate and precise estimate of the inelastic stress-strain relationships for the studied high-strength steel over wide ranges of strain rate and deformation temperature.
Conclusions
A unified viscoplastic constitutive model is proposed to describe the hot compressive deformation behavior of the studied high-strength alloy steel over wide ranges of deformation temperature and strain rate. The effects of the deformation temperature and strain rate on the material parameter h 0 and s 0 are discussed. It is found that the material parameters h 0 and s 0 are sensitive to deformation temperature and strain rate, and should be expressed as the functions of deformation temperature and strain rate.
The measured results agree well to the predicted ones, and the correlation coefficient (R) and AARE are evaluated as 0.9975 and 2.8640%, respectively, which confirms that the proposed viscoplastic constitutive model can present an accurate and precise estimate of the flow stress for the studied high-strength steel. 
